Introduction
Being the most abundant and the weakest phase of the earth's upper mantle, olivine [(Mg, Fe) (100) and (010). Combining the decoration technique (Kohlstedt et al. 1976) , with TeM analyses, gaboriaud et al. (1981) have confirmed that, below 900 °C (and down to 20 °C), the microstructure is essentially composed of straight [001] screw dislocations. Information on the slip planes was inferred from observations on decorated samples suggesting glide of [001] dislocations in (100) and, to a lesser extent, in {110} for temperatures higher than 600 °C. So far, TeM-detailed characterizations of slip planes in olivine are very scarce and unfortunately all restricted to characterization of experimentally deformed single crystals of olivine (Fo 90 ) or forsterite (Fo 100 ). In our study, we provide the characterization of glide planes for the [001] screw dislocation in a deformed olivine aggregate using electron tomography.
For characterization of [001] glide, there is a specific difficulty associated with the fact that, at low temperature, [001] dislocations bear a high lattice friction on screw characters. Then, most of the dislocations are straight screw segments with relatively few non-screw segments, which could allow slip plane determination. To identify the slip plane, one must tilt the specimen to put the plane edge-on. Depending on the orientation, this may require tilt angles that can be high or even not accessible. alternatively, the stereographic projection originally proposed 175 years ago by Miller (1839) and applied to TeM analyses 40 years ago by Head et al. (1973) can be applied. This method is, however, very time-consuming and very often of very poor accuracy. However, today transmission electron tomography enables the reconstruction of a volume from a series of projected images (called a tilted series). Most often, the reconstructed volumes are obtained using images based on an absorption contrast (Buseck et al. 2001; arslan et al. 2006; Midgley and Dunin-Borkowski 2009) . The more the angular range increases, the more the omitted volume (missing wedge) decreases, and the more the reconstruction volume quality rises. The first successful transmission electron tomography of dislocations has been performed in a semiconductor (gan) by Barnard et al. (2006a Barnard et al. ( , b, 2010 . The reconstruction has been performed based on images obtained in conventional TeM (diffraction contrast mode) using the weak-beam dark-field (WBDF) technique. Under these imaging conditions, the contrast is extremely sensitive to the specimen orientation with respect to the electron beam. The deviation from exact Bragg conditions (s g ) has to be kept strictly constant for the entire tilted series. To reach these conditions, the tilt axis has to be perfectly aligned, with a precision of the order of a tenth of a degree, with the diffraction vector used to image the dislocations. However, the contrast of dislocation is usually oscillating in WBDF (i.e. when dislocation lines are inclined within the thin foil), and the background is always inhomogeneous due to the occurrence of thickness fringes and bend contours. Consequently, despite a good signal-to-noise ratio, it is necessary to carefully filter each image to succeed in correctly reconstructing the dislocations. Unfortunately, this image processing results in a loss of information. Scanning transmission electron microscopy (STeM) has also been used to image crystal defects (Phillips et al. 2011a, b) and to perform electron tomography (Sharp et al. 2008; Tanaka et al. 2008a, b) . The STeM mode allows to obtain a homogeneous background, but, except for field emission guns (Feg), the signal-to-noise ratio is weak. a recent study from rebled et al. (2011) associates tomography with precession. The precession technique reduces bend contours, dislocation oscillating contrasts and thickness fringes while keeping a good signal-to-noise ratio.
In the present study, we show that dislocation transmission electron tomography associated with precession significantly expands the possibility to characterize glide planes in deformed minerals. We present an application on the characterization of glide planes of [001] dislocations in a polycrystal of olivine deformed at 900 °C, 300 MPa (Demouchy et al. 2013a (Demouchy et al. , b, 2014 .
Experimental details
Sample and deformation experiment a polycrystal of San Carlos olivine has been deformed at 900 °C under a confining pressure of 300 MPa, at a 1.1 × 10 −5 s −1 strain rate using a gas medium high pressure and high temperature deformation apparatus (Paterson 1970 (Paterson , 1990 . The fine-grained olivine powder was first cold pressed at room pressure then sintered at high temperature (1,250 °C) and high pressure (300 MPa) for 3 h before temperature was cooled down, and stabilized to 900 °C prior to tri-axial deformation. The starting polycrystal olivine has cylindrical geometry of ca. 1 cm 3 (the starting ni sleeve is 9.45 mm in diameter and 20.03 mm long). The details of the geometry of the experimental set-up can be found in previous studies (Paterson 1990; Chen et al. 2006; Demouchy 2010; Demouchy et al. 2012 Demouchy et al. , 2013a . at high temperature, to buffer oxygen fugacity to values relevant of the upper most mantle (McCammon 2005), a pure nickel film has been integrated between the polycrystal olivine and the outer iron jacket. a hydrostatic pressure of 300 MPa of argon gas (inert gas) and a compressive deviatoric stress is applied to deform the sample at a constant displacement rate.
Transmission electron tomography
To prepare the TeM thin foils, a slice containing the compression axis was cut and mechanically polished to a thickness of ca. 30 μm. electron transparency was further obtained by ion milling (in a gatan ® DuoMillTM Model 600). To insure electron conduction, a thin carbon film has been coated on the thin foil. a FeI ® Tecnaï g 2 20Twin microscope, operating at 200 kV with a laB 6 filament, was used at the TeM facility of the University of lille. Six tilted series were acquired every 2°, in a double tilt sample holder (the acquisition conditions are summarized in Table 1 ). During this study, we have used different acquisition methods: WBDF, STeM and WBDF associated with precession. as the contrast is very weak in WBDF, automatic focus and alignment are inefficient. Consequently, the tilted series are acquired and aligned manually to achieve pixel precision. To improve the background homogeneity, each image is filtered using the ImageJ software, with a polynomial fit. Then, a convolution of each image with a Kernel matrix is performed to increase the dislocation contrast (Barnard et al. 2010) . Finally, the reconstructed volumes are obtained using the gatan ® 3D reconstruction software with the simultaneous iterative reconstruction technique (SIrT) algorithm (Penczek et al. 1992) .
Results
The size of the studied grains ranges between 5 and 13 μm with analysed zones being slightly smaller (2-4 μm).
Considering the tomographic reconstructed volumes, a typical dislocation density of 10 13 m −2 was measured. after the reconstructions of the centred filtered tilted series, the tomographic volumes are precisely oriented in order to place specific planes [e.g. (100), (010), {110}, {120}, {130}, {140}, {210}, {310} and {410}] edge-on. an example of slip plane determination of a [001] dislocation (labelled "I") is shown on Fig. 1 . a marked curvature is observed when the dislocation is viewed along the [410] zone axis (Fig. 1a) . When the same dislocation "I" is viewed along the 1 10 zone axis, it appears as a Table 1 and the method in the main text). a The [001] dislocation labelled "I" (indicated by a white arrow) is strongly curved when seen along the [410] zone axis; b the glide plane of "I" is nearly edge-on along the 1 20 zone axis, since this dislocation exhibits only a slight curvature along this orientation; c seen along the 1 10 zone axis, dislocation "I" appears as a straight line, showing that it is contained in the (110) plane which is edge-on (here for a tilt angle of 116°); d dislocation "I" seen along the 2 10 zone axis; e dislocation "I" is strongly curved, in the opposite direction to (a), along the 41 0 zone axis 1 3 straight line parallel to the (110) plane (Fig. 1c) . Further rotation of the reconstructed volume along the tilt axis shows the same curvature with another maximum when the 41 0 zone axis is reached (Fig. 1e) . The glide plane of dislocation "I" is almost in the plane of the micrograph.
Several dislocations exhibit lines made of segments which belong to several planes. Figure 2 illustrates such a case with a [001] dislocation constituted of two segments (labelled "1" and "2"). The reconstructed tomographic volume has been obtained from images taken with the 004 diffraction vector. The segment "1" appears straight when the reconstructed volume is tilted in such a way that the 110 plane is edge-on, i.e. for a tilt angle of approximately 121° (Fig. 2e) . For the segment "2" to appear linear, the reconstructed volume has to be tilted to ca. 71° in order to put the (110) plane edge-on (Fig. 2c) . The line of this dislocation belongs to the 110 and to the (110) planes. This determination would have been beyond reach by a standard tilting experiment.
Beyond the usual (100), (010) and {110} glide planes that were expected from the literature, we have characterized several other planes containing [001] dislocations. Dislocation labelled "II" on Fig. 3a is highly curved when the reconstructed volume is observed along the 2 10 zone axis, but it is seen as a straight line when the 120 plane is edge-on (Fig. 3b) . Similarly, Fig. 4 shows that the dislocation labelled "III" glides on the (130) plane.
The number of dislocation segments observed in each glide plane characterized in this study is summarized in Table 2 . It is worth noticing that a majority of {110} glide planes are characterized in each grain. Furthermore, Table 3 recapitulates all the observations of dislocations lines belonging to more than one single glide plane. Table 1 (the grain is imaged along the [100] zone axis); b corresponding reconstructed volume seen along the same direction; it is successively tilted to be viewed along the 110 zone axis (tilt of 71° in c); along the 010 zone axis (tilt of 96° in d); along the 11 0 zone axis (tilt of 121° in e); and along the 1 00 zone axis (tilt of −174° in f). One segment of the dislocation labelled "1" lies in the 110 plane (see e), whereas the other segment of the dislocation labelled "2" lies in (110) (see c) Fig. 3 [001] dislocation lying in 120 (3D reconstruction volume of a part of grain III and acquisition conditions in Table 1 
Discussion
Plastic deformation of olivine at 900 °C corresponds to a low-temperature regime where [001] glide is activated with a strong lattice friction on screw dislocations (Durinck et al. 2007; Demouchy et al. 2013a, b) . Fast non-screw segments are thus less represented in the deformed grains. Their characterization is, however, critical to identify the slip planes of [001] dislocations. In this study, we have used the following approach: first, dislocation lines containing nonscrew segments and exhibiting significant curvatures were chosen. Then, the reconstructed volumes were tilted until the dislocation line appears as a straight line. Finally, the normal to the straight line identifies the slip plane. Subsequently, the reconstructed volume allows to reach any orientation which expands significantly the number of lines defects that can be characterized. Indeed, about sixty glide planes have been characterized in the present study. as an example, Fig. 2c shows that a tilt angle of 71° is necessary to set the (110) plane edge-on. Under this orientation condition, the observed reconstructed volume is in the missing wedge of the tilted series.
Here, we present the technical justifications which validate our approach. We recall that dislocation transmission electron tomography has been performed using several techniques.
The WBDF technique gives a high dislocation signal-tonoise ratio, but generally the background contrast and the dislocation contrast are not homogeneous (Barnard et al. 2006a (Barnard et al. , b, 2010 . In order to reconstruct dislocation tomographic volumes with a sufficiently high quality, the analysed region has to exhibit a relatively constant orientation and thickness.
The STeM technique gives a more homogeneous contrast for the background. Thanks to the principle of reciprocity, dislocations can be well imaged by diffraction contrast in this mode. Its principle consists in a correspondence between conventional TeM (CTeM) and STeM. To achieve conditions equivalent to CTeM, STeM conditions must involve a small collecting angle (close to a parallel beam). For that purpose, we have increased the camera length and decreased the size of the condenser aperture. 
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Comparison between a WBDF micrograph and the STeM corresponding micrograph: a WBDF image obtained with the g:004 diffraction vector (the dislocation contrast width is 11.7 nm and the dislocation signal-to-noise ratio is 113 %); b corresponding weakbeam bright-field STeM image obtained with the g:004 diffraction vector, a camera length of 200 mm, a spot size of 2 nm and a condenser aperture of 20 μm (the dislocation contrast width is 9.5 nm but the dislocation signal-to-noise ratio is only 18 %) nevertheless, the diffraction disc has to be fully positioned on the dark-field detector without any overlapping with the bright-field detector. In our study, with a FeI ® Tecnaï g 2 20Twin laB 6 200 kV S/TeM, the best conditions are obtained with a camera length of 200 mm and a condenser aperture of 20 μm (Fig. 5b) . These conditions are not so far from the conditions of Phillips et al. (2011a, b) . Indeed, the authors have obtained an optimal camera length of 163 mm, with a FeI ® Tecnai F20 Feg 200 kV S/TeM. Figure 5 shows that using our best STeM conditions, the dislocation are observed with a comparable resolution (contrast width 11.7 nm in WBDF conditions and 9.5 nm in STeM conditions), but with a signal-to-noise ratio approximately 6 times lower than in WBDF (113 % in WBDF conditions and 18 % in STeM conditions). It is expected that the use of a Feg would improve this aspect.
In our study, the best compromise between contrast homogeneity and signal-to-noise ratio is obtained when precession is combined with the WBDF technique. Indeed, the WBDF technique provides a high signal-to-noise ratio for dislocations, and the precession decreases heterogeneities along the dislocations lines (oscillating contrast) and in the background (rebled et al. 2011 ). This technique reduces and often eliminates bend contours. Precession modifies and integrates s g , which removes or attenuates the thickness fringes as well as the oscillating contrast of Table 1 ); b corresponding WBDF micrograph filtered with a kernel (the dislocation contrast is enhanced); c electron transmission tomographic volume resulting from a; d electron transmission tomographic volume resulting from b (the kernel filtering has kept most of the dislocation population details) 1 3 inclined dislocations. Figure 6 gives an example of the precession effect on the dislocation contrast and background homogeneity.
To enhance the dislocation contrast, each image of the tilted series has been convoluted with a kernel matrix (Barnard et al. 2010) . Figure 7a is obtained in WBDF conditions, associated with a 0.1° precession angle, without a convolution with a kernel matrix. It is compared with Fig. 7b , for which a convolution with a kernel matrix has been applied. Thus, we can verify that the kernel highly increases the dislocation contrast. The resulting 3D reconstructions from the unfiltered images (Fig. 7c) and the filtered images (Fig. 7d) show that the kernel allows keeping most of the dislocation population details.
To the best of our knowledge, the present study represents the first investigation of the slip planes of [001] dislocations in a deformed olivine polycrystal. We have noted a majority of [001] dislocations gliding in {110}, whereas a dominant role of the (100) glide plane was expected (e.g. gaboriaud et al. 1981). Our study highlights the contribution of glide of [001] dislocations in several other planes when olivine is deformed at 900 °C: (010), {120} and {130}. It is also shown that some [001] dislocation lines belong to several glide planes demonstrating an easy ability for cross-slip under these conditions. This mechanism originally suggested for [100] glide in olivine (Poirier and Vergobbi 1978; li et al. 2006) has been recently suggested for [001] glide as well (Faul et al. 2011; raterron et al. 2007 ). It had, however, never been characterized so far.
Conclusion and perspectives
electron tomography gives access to a 3D characterization of dislocations microstructures. We show here that this technique is very efficient to characterize glide planes of dislocations with accuracy. In the present study, we show that in a polycrystal of olivine deformed in the low-temperature regime [i.e. below 1,000 °C and with a predominance of [001] screw dislocations], electron tomography allows to verify the activation of previously reported (100), (010) and {110} planes, and permits identification of new slip planes: {120} and {130}. Furthermore, the detailed analysis of the geometry of dislocation lines makes it possible to characterize in details complex mechanisms such as cross-slip. This information is very important as an input parameter for the visco-plastic self-consistent modelling of crystal preferred orientation evolution of olivine-rich aggregates (Tommasi et al. 2000; Mainprice et al. 2005; Durinck et al. 2007; Castelnau et al. 2009 Castelnau et al. , 2010 and thus for a better understanding of deformation mechanism of the earth's uppermost mantle.
